The effect of grazing on soil and water losses under arid and mediterranean climates. Implications for desertification by Cerdà, A. & Lavée, H.
Pirineos, 153-154:159 a 174, JACA; 1999 
THE EFFECT OF GRAZING ON SOIL AND WATER LOS-
SES UNDER ARID AND MEDITERRANEAN CLIMATES. 
IMPLICATIONS FOR DESERTIFICATION 
A. CERDA* & H. LAVÉE** 
*Centro de Estudios sobre Desertificación. (CSIC-UV-GV). Camíde la Marjal sin. 
46470 Albal, Valencia. Spain 
**Department of Geography. Bar-Han University. 52900, Ramat-Gan. Israel 
ABSTRACT.- Two sites, both affected by grazing but under different climatic 
conditions, were selected in Israel to study the effect of grazing on soil degradation. 
One site was selected in the Judean Desert, a dry environment (260 mm mean 
annual rainfall) with a long history of overgrazing and very little vegetative cover. 
The second site was selected in the Galilee Mountains where the climate is of 
Mediterranean type (650 mm mean annual rainfall) and the vegetative cover is 
much greater in spite of the grazing. Simulated rain experiments were performed in 
the field and in the laboratory in order to evaluate differences in hydrological and 
erosional response to rainfall between the two sites. The results show a clear 
difference between these two ecosystems. In the Judean Desert, where vascular plant 
cover is sparse, a crust was developed which enhanced overland flow and erosion. In 
the Mediterranean environment the overland flow and erosion were negligible under 
shrubs and relatively high at the intershrub corridors. At the hillslope scale a mosaic-
like pattern of water and soil contributing and accepting patches was developed. 
Such a pattern usually protect the hillslope from being eroded. Runoff and erosion 
rates luere very high in the Judean Desert and negligible in the Galilee Mountains. 
RESUME.- Afin d'étudier l'effet du pâturage sur la dégradation des sols, deux 
zones de caractéristiques climatiques différentes soumises au pâturage ont été sélec-
tionnées en Israel. L'une de ces zones se trouve située dans le désert de Judée, un 
milieu très aride (260 mm de précipitation annuelle moyenne) avec un couvert végé-
tal peu dense et une longue influence du surpâturage. La deuxième zone se trouve 
sur les montagnes de Galilée, caractérisées par un climat méditerranéen (650 mm de 
précipitation annuelle moyenne) et un couvert végétal bien plus dense et ce malgré 
l'influence du pâturage. Afin d'évaluer le comportement hydrologique et érosif des 
sols de ces deux zones, des expériences ont été réalisées sous pluie simulée sur le 
terrain et en laboratoire. Les résultats mettent en évidence une différence nette entre 
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les deux écosystèmes. Dans le désert de Judée, où la couverture végétale est faible, 
une croûte superficielle se développe favorisant le ruissellement superficiel et l'éro-
sion. Dans la zone méditerranéenne, le ruissellement superficiel et l'érosion sont 
insignifiants dans les zones recouvertes par les plantes alors qu'ils sont relativement 
élevés dans les couloirs entre les plantes du maquis. A l'échelle de la pente s'organi-
se une répartition sous forme d'une mosaïque de zones génératrices et d'autres récep-
trices d'eau et de sédiments. Ce patron évite à la pente d'être érodée. Les taux de ruis-
sellement et d'érosion se sont avérés être très élevés dans le désert de Judée et insig-
nifiants sur les montagnes de Galilée. 
RESUMEN.- Dos zonas afectadas por pastoreo pero bajo diferentes condiciones 
climáticas fueron seleccionadas en Israel para estudiar el efecto del pastoreo en la 
degradación del suelo. Una zona se encuentra en el desierto de Judea, un medio muy 
árido (260 mm de precipitación media anual) con una larga historia de sobrepasto-
reo y muy baja cubierta vegetal. El segundo está en las montañas de Galilea donde 
el clima es Mediterráneo (650 mm de precipitación media anual) y la cubierta vege-
tal es mucho mayor a pesar del pastoreo. Para evaluar el comportamiento hidrológi-
co y erosivo de los suelos de ambas zonas se realizaron experimentos con lluvia simu-
lada en el campo y en laboratorio. Los resultados muestran una clara diferencia entre 
los dos ecosistemas. En el Desierto de Judea, donde la cubierta de plantas es escasa, 
se desarrolla una costra superficial, que favorece la escorrentía superficial y la ero-
sión. En la zona Mediterránea, la escorrentía superficial y la erosión es insignifican-
te en las zonas cubiertas con matas y relativamente alta en los corredores entre el 
matorral. A escala de ladera se desarrolla un patrón en forma de mosaico de zonas 
contribuidoras y receptoras de agua y sedimentos. Este patrón protege la ladera de 
ser erosionada. Las tasas de escorrentía y erosión fueron muy altas en el Desierto de 
Judea e insignificantes en las montañas de Galilea. 
Keywords: Grazing, land degradation, overland flow, patchiness, sediment 
concentration, simulated rainfall. 
1. Introduction 
For the traditional nomad communities (beduins) in the Middle East, gra-
zing is a basic resource. Cov^s, sheep and goats are the source for meat and 
milk supply. But grazing affects ecosystems in different ways and may cause 
land degradation (GOUDIE, 1981). Livestock induce changes in the spatial 
structure of the vegetation (WOOD & BLACKBURN, 1981a) and often provi-
de favourable conditions for the invasion of low-successional species 
(SIMMONS, 1989). This often results in an increase of bare soil thus increas-
ing the erosive effect of raindrop impact and overland flow. Trampling by 
grazing livestock reduces infiltration rates as a result of soil compaction 
(THUROW et ah, 1986; 1988), surface sealing, and physical crust formation 
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(STOECKLER, 1959; BLACKBURN, 1979; WELTZ & WOOD, 1986; WELTZ et 
al, 1989). This leads to increased runoff, sediment concentration and erosion 
rates (WOOD & BLACKBURN, 1981b; WARREN et al, 1986a; 1986b). 
Grazing also alters the soil organic matter content and the litter horizon 
(NAETH et al, 1991), thus affecting aggregate stability. The effects of grazing 
increase as grazing intensity increases (BLACKBURN, 1979; GAMAUGOUN 
et al, 1984). Seasonal grazing contributes less to soil degradation than conti-
nuous yearlong grazing due to the periods of rest that enable vegetation to 
recover (NAETH, 1988). 
Even though, the knowledge of the effect of grazing is quite well knonw, 
little is knonw about his influence on the distribution of the erosion and 
runoff rates on semiarid environments, and how affect under different clima-
tic conditions. The objective of this paper is to compare land degradation 
response to grazing in Mediterranean and arid ecosystems in terms of hydro-
logical and erosional processes. 
2. Materials and methods 
Two study sites representing typical Mediterranean and arid ecosystems 
were selected in Israel (Figure 1). The arid site, Mishor Adumin (MI) (Figure 
2), is located in the Judean Desert, half way between Jerusalem and the Dead 
Sea; and the Mediterranean site, Zalmon (ZA) (Figure 1), is located in the 
Lower Galilee Mountains (Figure 3). 
The two sites are similar in terms of lithology, topography and mean 
annual temperature, but very different in annual rainfall and vegetative cover 
(Table 1). Mishor Adumin area, comparatively with Zalmon area, is characte-
rized by less vascular plants, much more biogenic (lichens and mosses) and 
physico-chemical crust patches and higher density of surface stones. The soils 
are lithic Xerochrept in Zalmon and lithic Serothent in Mishor Adumin. The 
soil structure is stronger in Zalmon, where the clay and organic matter con-
tent are higher (LAVEE et al, 1994). 
The plant composition at Mishor Adumin is dominated by desert forbs 
such as Salsola vermiculata, Anabasis articulata, Anagallis arvensis, Halogetan alo-
pecuroides, and Reaumuria hirtella, whereas Zalmon is characterized by a 
patchy pattern of trees, shrubs and open spaces. The trees are mainly 
Ceratonia siliqua and Quercus calliprinus and the shrubs are Pistacea lentiscus, 
Rhamnus palaestinus and Calycotome villosa. In the open spaces dwarf shrubs, 
perennial herbs and annuals such as Sarcopoterium spinosum, Phillyrea latifolia, 
Medicago sp., Plantago sp., and Brachypodium distachyon exist. 
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Figure 1. Location map. 
Figure 2. View of the Mishor Adumin site in the Judean Desert. 
Rainfall simulation experiments were performed in the field and in the 
laboratory in order to measure overland flow yield and soil loss. For the field 
rainfall simulation experiments three plots were selected in Zalmon and six in 
Mishor Adumin. At Zalmon one plot was located in the understory of a shrub 
{Pistacia lentiscus) (ZAOl) and the two others (ZA02 and ZAÔ3) were placed in 
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Figure 3. View of the Zalmon site in the Galilee Mountains. 
Site Mean Annual Mean Annual Slope Vegetation Aspect Altitude Parent 
Rainfall Tempetature angle cover • a.s.l. Material 
















Table 1. Study area characteristics. 
the in tershrub space which is directly affected by grazing. In Mishor A d u m i n , 
three exper imental plots were placed on biogenic crust (MIOl, MI02 and 
MI03) and the other three (MI04, MI05 and MI06) on bare soil. 
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Simulated rainfall was applied at a rate of 50.4 mm h'^  for 60 minutes at 
the Mediterranean site and 45 minutes at the arid site. The shorter duration 
at the arid site was due to the low infiltration rates and quick runoff response 
which resulted in the steady-state runoff rate being reached after some minu-
tes. The rainfall simulator apparatus is described in CERDA et al., (1997). The 
calibrated nozzle produces a continuous rainshower over an area greater than 
1 m^. Runoff was measured from a circular plot, 0.24 m^ in size, located at the 
center of the rainfed area. 
The runoff was measured at 1 minute intervals, and at least four samples 
were taken at each experiment for laboratory determination of salinity (elec-
trical conductivity, S) and sediment concentration. Steady-state infiltration 
rates were calculated by means of the Horton equation (HORTON, 1940). 
In the laboratory two sets of rainfall simulation experiments were conducted, 
one under relatively dry soil and the other under wet soil conditions. The 
Morin rainfall simulator (MORIN et ai, 1967) was used, which produces rea-
listic raindrop size (D^ :^ 2,6 mm), distribution and kinetic energy. Three expe-
rimental runoff plots, each 1.2 m x 0.4 m in size, tilted at an angle of 10°, were 
simultaneously exposed to the simulated rainfall. The layout of the plots and 
the disposition of the soil are shown in figure 4. 
The simulated rainfall was applied at an average intensity of 33.5 mm h ' \ 
The intensity was 29.07 mm h'^  at plot 1, 34.87 mm h'^  at plot 2 and 36.48 mm 
h'^  at plot three. The first set of experiments (dry conditions) was undertaken 
with the soil as it was brought from the field in November 1993. The initial 
soil moisture content of the Judean Desert soil ranged between 1.8 % and 4.3 
% and that of the Mediterranean soil ranged between 7.8 % and 20.6 %. The 
second set of experiments (wet conditions) was undertaken five days after the 
first set. 
Both the dry and the wet sets of experiments consisted of three runs as 
follows: one hour rainfall, one hour break, one hour rainfall, half an hour 
break, half an hour rainfall. Runoff was measured till 30 minutes after the end 
of the rain and percolation till 90 minutes after rainfall. 
Runoff and percolation were measured at three minutes intervals. Time to 
ponding and time to runoff were measured at each runoff plot during the first 
run of each set of experiments. 
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Figure 4. Layout of the laboratory rainfall simulation experiments. 
a. The runoff plots 
b. Soil disposition in the laboratory plots: 2 cm of gravel layer is covered by 4 cm sou layer, 
with a geotextU sheet between the two layers. 
3. Results 
3.1 Field rainfall simulations experiments 
Tables 2,3 and 4 present the characteristics of the runoff plots surface pro-
perties, soil moisture, and the hydrological and erosional response to the 
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Table 3. Soil moisture at 0-2 cm and 4-6 cm depth before 
and after the rainfall simulation experiments in the field. 
simulated rainfall, respectively. Figure 5 presents the hydrographs, sediment 
concentration and the electrical conductivity. 
At Mishor Adumin, the arid site, the time to ponding and the time to sur-
face runoff were very short, 1' 04" and 1' 31" on average respectively. The 
quick response of the soil to rainfall is due to the very low infiltration rates 
(1.7 mm h'^  on average at steady state) which is a result of the relatively large 
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Table 4. Hydrological and erosional response under field rainfall simulation experiments: time 
to ponding (tp), time to surface runoff (ts). Average runoff (Ar), Runoff coefficient (Rc), steady-
state infiltration rate (fc). Sediment concentration (Sc), Erosion rate (Er) and electrical 
conductivity (EC) (np = no ponding; nr = no runoff). 
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Figure 5. Hydrographs (mm h"'), sediment concentration (g 1"') 
and Electrical conductivity (s) at the field rainfall simulation experiments. 
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biogenic crusted area and the quick development of physico-chemical crust. 
The low infiltration rates and the short time to runoff results in a high runoff 
coefficient (90 % on average). The large surface runoff volume induced very 
high erosion rates (179 g m^ h"* on average). The runoff salinity, as indicated 
by the electrical conductivity, was 77.4 |iS on average. Nevertheless, the spa-
tial variability of the erosion rates is high (Table 4). 
At the Mediterranean area runoff did not occur in the vegetated plot and 
was low even in the intershrub plots in spite of the compaction effect of tram-
pling. Ponding was quite rapid (2' 15" and 3' for the two plots with runoff), 
and surface runoff appeared after 4' 10" of rain. The average runoff was very 
low (3.15 mm h"^ ) due to the high steady-state infiltration rate (46.25 ram h'^). 
Only 6 % of the rain was transformed into runoff even at the 0.24 m^ runoff 
plots. The runoff in the intershrub areas demonstrate the effect of grazing on 
infiltration, but even these small amounts of runoff are expected to infiltrate 
in the adjacent shrub patch dowslope. Sediment concentration was very low 
(0.6 g 1'^  on average), thus erosion rates were very low too (2.75 g m^ h'^). The 
runoff electrical conductivity was very low, 12.4 pS on average (Table 4). The 
different response of the two ecosystems can be seen clearly in Figure 5. 
3.2 Laboratory rainfall simulation experiments 
The hydrological and erosional parameters which v/ere measured at the 
laboratory experiments are presented in Table 5. The values in this table are 
averages for the three runoff plots. The hydrographs are presented in Figure 
6. The results found in the field were confirmed by the laboratory rainfall 
experiments. 
In Mishor Adumin, despite the relatively low initial soil moisture content, 
the time to ponding and the time to surface runoff were short, 8' 45" and 15' 
05" respectively for the dry conditions, and 2' 05" and 2' 46" respectively for 
the wet conditions. The runoff coefficient under dry conditions increased 
from 42.9 % in the first run to 77.5 % in the third run, while under wet condi-
tions the runoff coefficients for the first two runs were 52.4 % and 61.6 %, res-
pectively. The soil water storage decreased under dry conditions from 43.8 % 
of the rain in the first run to 4.8 % in the second run and to 1.5 % in the last 
run due to increasing the soil moisture. Under wet conditions, the soil water 
storage decreased from 24.6 % in the first run, when soil moisture content was 
1.9 %, to 6.7 % in the second run when the soil moisture content was 32 %. 
The sediment concentration and soil erosion increased remarkably under dry 
conditions from 0.5 g 1'^  and 11.8 g m^ h'^  respectively in the first run to 1.3 g 
1'^  and 34.7 g m^ h'^  in the third run. The same trend occured under wet con-
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ditions when they increased from 1.4 g 1'^  and 33.9 g m^ h'^ in the first run to 
37.8 g 1-^  and 565.6 gm^ h^ in the third run (Table 5). 
At the Mediterranean site, Zalmon, time to ponding and time to surface 
runoff were much longer, 55' 05" and 90' 06" repectively for the dry condi-
tions and 8' 05" and 16' for the wet conditions. Runoff under dry conditions 
was very low. No runoff ocurred in the first run. In the second run only one 
plot contributed runoff. In the third run, after almost 70 mm of rain in the first 
two runs, the runoff coefficient reached 17 %. Under wet conditions the 
runoff started after 26 minutes in the first run (Figure 6). The average runoff 
coefficient for the three runs was 24.75 %. The hydrology of the Zalmon soil 
was dominated by the high percolation rates. The percolation ranged betwe-
en 61 % and 91 %. Also the water storage capacity was very high (table 5). Soil 
erosion rates were very low. The averages were 0.37 g m^ h"^  for dry condi-




Soil water storage (%) 
Sediment concentration (gr H) 




Soil water storage (%) 
Sediment concentration (gr H) 




Soil water storage (%) 
Sediment concentration (gr 1"^) 


































































Table 5. Hydrological and erosional response under laboratory rainfall simulation experiments. 
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Figure 6. Runoff hydrographs (mm h'') at the laboratory rainfall simulation experinients. 
4. Discussion and conclusions 
The differences between the arid and the Mediterranean ecogeomor-
phic systems are mainly a consequence of the climatic conditions (LAVEE 
et al., 1991). In the Judean Desert the vegetation cover is low, thus organic 
matter content is low and soil aggregates are small and breakable. 
Crusting is, therefore, very important in the drastic reduction of infiltra-
tion rates shortly after the rainfall starts, and runoff appears in relatively 
large quantities. In the Mediterranean Galilee mountains the ecogeomor-
phic system behaves very differently. With.650 mm of average annual 
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rainfall, the soil is more developed with high clay content and high vege-
tation cover. As a result soil aggregates are bigger and more stable than in 
the Judean Désert (LAVEE et al, 1994). At such conditions, infiltration and 
percolation are high and the probability for runoff generation is very low, 
unless the soil is saturated. 
The effect of grazing on the hydrogeomorphological processes is different 
between Mishor Adumin and Zalmon. In the arid site at the Judean Desert, 
which is characterized by a low productivity, there is a significant influence 
of grazing. The decrease of vegetation cover to almost zero means that the 
pressure of sheep and goats affects the whole hillslope surface. The effect of 
raindrop impact and splash erosion increases; the trampling enhances aggre-
gates breakdown and soil compaction; physico-chemical and biogenic crusts 
appear over a high percent of the area, and the density of surface embedded 
stones increases. These lead to high quantities of Horton's overland flow and 
high erosion rates not only at the patch scale, but also due to runoff continuity 
over relatively long distances, at the hillslope scale. 
In the Mediterranean site the vegetation is distributed in patches of shrubs 
or trees and interpatch corridors of herbs. Trampling and compaction take 
place only in the interpatch corridors, thus runoff and erosion might increase 
in these areas. In the shrub patches infiltration remains very high, and over-
land flow is not generated. More than that, runoff flowing from the interpatch 
corridors infiltrates in the shrub patches and increases the vegetation growth 
potential. At the same time sediments which were eroded by overland flow 
and by rainsplash accumulate beneath the shrubs. Under such a mechanism 
the differences between the «arid» interpatch corridors and the «humid» 
shrub patches increase in time. This means that the response of surface pro-
perties and patterns to the combined effect of climate and grazing is different 
in the Mediterranean and arid environments of Israel. The spatial distribution 
of vegetation, crusts, and stones which is affected by both the long-term effect 
of climate and the relatively short-term effect of grazing control runoff and 
soil erosion in both patch and hillslope scales. 
At Mishor Adumin site, where rainfall is less than 300 mm, a relatively 
homogeneous surface was developed which is a result of a driving force for 
land degradation. Due to trampling and compaction all over the hillslope, 
crusts and embedded stones appear in high proportions at the surface and 
enable runoff to flow over the hillslope for relatively long distances (LAVEE 
& POESEN, 1991). The low vegetation cover does not protect the soil from 
being eroded. This leads to loss of high quantities of soil from the hillslopes 
and to desertification. 
At Zalmon site, where annual rainfall is 650 mm, the main effect of gra-
zing is compacting the soil top layer at the interpatch corridors and enhan-
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cing infiltration and sediment trapping capacity at the shrub patches. As a 
result a mosaic-like pattern is developed in which the probability of over-
land flow and erosion to generate at the shrub patches is very low, and is 
limited to extreme rainfall events when top soil saturation is achieved. Local 
overland flow and erosion occur more frequently at the interpatch corridors. 
The corridors function as runoff and soil contributors, while the shrub pat-
ches function as acceptors. The rate of overland flow and sediment contri-
bution from the hillslope to the channel depends on the relative area covered 
by and especially on the spatial distribution of the contributing and accep-
ting areas. Where, for example, most of the hillslope is covered by contribu-
ting areas, and especially if they are concentrated at the lower part of the 
hillslope, some water and soil will be contributed from the hillslope to the 
channel. On the other hand, where a lot of accepting patches cover the lower 
part of an hillslope the chance for overland flow and soil to be contributed 
to the channel is negligible. Other types of land disturbances, such as fire, 
have been proved to induce a similar mosaic-like pattern that protect the 
system from being eroded at the hillslope scale (LAVEE et al, 1995; KUTIEL 
et al., 1995). This distribution of mounds and tussocks along the slopes is 
found under different semiarid conditions (CERDA, 1997). 
To sum up, the soils and vegetation which have been developed under 
Mediterranean and arid climates in the Galilee and in the Judean Desert, res-
pectively, through the last few thousands of years created different eco-geo-
morphological systems that respond differently to grazing stress. The resilien-
ce of the Mediterranean system, as represented by the Zalmon site, is much 
higher than that of the arid system, represented by Mishor Adumin site. Whiie 
in the Zalmon area, grazing is an ecogeomorphologically reasonable land use, 
due to the system capability to absorb the stress induced by livestock, in 
Mishor Adumin area overgrazing induces stress which is high above the thres-
hold that the system can absorb, so that desertification processes take place. 
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